Studies on therapeutic drug disposition in humans have shown significant alterations as the result of pregnancy. However, it is not known whether pesticide metabolic capacity changes throughout pregnancy, which could affect exposure of the developing brain. Here, we sought to determine the effect of pregnancy on the expression of hepatic enzymes involved in the metabolism of pesticides. Livers were collected from virgin and pregnant C57BL/6 mice at gestational days (GD) 7, GD11, GD14, GD17, and postpartum days (PD) 1, PD15 and PD30.
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Introduction
Pesticides are widely used to protect crops, cattle, gardens and households from infestations. In 2007, it was estimated that 93 million pounds of active ingredients were used in the US, with organophosphate (OP), carbamate, and pyrethroid (PYR) insecticides being the most commonly used (US EPA 2011). Although pesticides are an important tool for ensuring an adequate food supply and protecting public health, there is a risk of untoward effects in nontarget species, including humans, because target and non-target species often possess a common molecular target of the pesticide. Of particular concern with insecticides, such as OPs and PYRs, is their targeting of the nervous system and the potential increased vulnerability of the developing brain to their neurotoxic effects (Jurewicz and Hanke, 2008; Shafer et al., 2005) .
Several animal studies have consistently demonstrated that very young animals are more sensitive to the acute toxic effects of OPs and PYRs and that this increased sensitivity is likely the result of immature hepatic detoxication systems (Atterberry et al., 1997; Sheets, 2000; Anand et al., 2006; Timchalk et al., 2006) . However, there has been much less focus on the role of maternal detoxication systems in the vulnerability of the developing brain during pregnancy. This is a particularly important area because several studies have reported the presence of OP and PYR metabolites in urine samples from pregnant women (Berkowitz et al., 2003; CDC 2009 ) as well as in meconium (Whyatt et al. 2009) . A recent report of biomonitoring data in pregnant women from the 2003-2004 National Health and Nutrition Examination Survey (NHANES) found that over 40% of the women had detectable levels of several metabolites of OP insecticides, which have been linked to neurobehavioral alterations (Eskenazi et al., 2007) , and over 80% had detectable levels of the OP metabolite dimethyl thiophosphate (Woodruff et al., 2011) . Similarly, data from the 1999-2002 NHANES found that 67% of pregnant women had This article has not been copyedited and formatted. The final version may differ from this version. DMD Fast Forward. Published on December 4, 2012 as DOI: 10.1124 at ASPET Journals on June 22, 2017 dmd.aspetjournals.org Downloaded from detectable levels of the PYR metabolite 3-phenoxybenzoic acid (Castorina et al., 2010) . Thus, there is widespread exposure of pregnant women to OP and PYR pesticides.
Human pregnancy is known to cause a number of physiological changes that may alter the metabolism of drugs and toxicants, including changes that increase absorption and decrease plasma protein levels (Selevan et al., 2000) . Indeed, elimination of drugs metabolized by several different isoforms of cytochrome P450 (CYP) is altered (Dempsey et al., 2002; Anderson, 2005; Hodge and Tracy, 2007) . These metabolic changes occurring in pregnant women may similarly alter the fate of environmental contaminants, such as pesticides, because many of the drug metabolizing enzymes, such as the CYPs, carboxylesterases (CESs), and paraoxonase 1 (PON1), also function to metabolize pesticides. Thus, alteration of the activity of pesticide-metabolizing enzymes might prolong or increase exposure of the developing infant to pesticides, contributing to the increased susceptibility of the developing brain.
Although human studies provide important information regarding drug-specific alterations in metabolism, direct determination of the role of pregnancy-induced alterations of pesticide metabolism is not feasible for ethical reasons. Recent studies have investigated changes in rodent Cyp isoforms during pregnancy in mice (Zhang et al. 2008; Koh et al. 2011 ) and rats (He et al. 2005; Dickmann et al. 2008) . However, data are lacking for some important Cyp isoforms involved in pesticide metabolism, and the regulation of hepatic Ces or Pon1 levels during pregnancy is not known. Here we sought to quantify hepatic expression of pesticidemetabolizing enzymes in mice during pregnancy and through the postpartum period and assess potential regulatory mechanisms underlying transcriptional changes.
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Materials and Methods
Animals. Adult virgin C57Bl/6 mice (Charles River, Wilmington, MA) were mated overnight and separated the following day (designated gestational day (GD) 0). Dams and virgin (nonmated) mice were provided chow and water ad libitum. The room was maintained at a constant temperature, humidity and 12-hour light cycle. Tissues were collected on GD7, GD11, GD14 and GD17 and on postpartum days (PD) 1, PD15 and PD30. On each day a dam was sacrificed, an age-matched virgin mouse was also sacrificed as control resulting in 7 virgin mice and 7 dam groups (n = 3-4 mice per group per time-point). Offspring were weaned from lactating dams on PD21. Livers and other tissues were collected and snap frozen in liquid nitrogen. Animals were treated according to the Animal Care and Use Policy of the University of Kansas Medical Center and Rutgers University. The Institutional Animal Care and Use Committees at both universities approved these studies.
Real-time Quantitative PCR (qPCR)
. qPCR was performed as described previously (Richardson et al., 2006; Yacovino et al., 2012) . Genes were selected on the basis of their likeliness to be involved in the biotransformation of pesticides or their potential role in regulating phase 1 enzyme transcription. Primers for the phase 1 metabolizing enzymes and the transcription factors were designed using the NCBI primerblast application (http://www.ncbi.nlm.nih.gov/tools/primer-blast/index.cgi) and tested on cDNA prepared from female mouse hepatic RNA. All sequences are available upon request. In the event multiple splice variants existed, primers were designed to anneal within a common region when possible.
Melting curve analysis was conducted and amplification products were run on an agarose gel for amplicon size confirmation. Relative gene expression was assessed using the SYBR green This article has not been copyedited and formatted. The final version may differ from this version. Determination of Serum Pon1 Activities. Pon1 enzyme activity towards paraoxon (paraoxonase) and chlorpyrifos-oxon (chlorpyrifosoxonase) was measured in serum from virgin and GD15 dams using spectrophotometric methods as described by Richter and Furlong (1999) .
Briefly, serum samples were diluted in 50 mM Tris-HCl containing 2 mM CaCl 2 (pH. 7.4) and Table 2 .
Results
Gestational and postpartum changes in hepatic Cyp mRNA expression
Changes in the relative expression of the Cyp isoforms during pregnancy and postpartum are shown in Figure 1 . In pregnant dams, Cyp1a2 expression was decreased by about 50% at GD7, GD11 and GD14, before returning to levels similar to the virgin mice on GD17 (Fig. 1 ).
Cyp2b10 mRNA was reduced by approximately 50% on GD 7, 11, and 14, but did not quite reach statistical significance (p = 0.08-0.1). However, expression was increased by 25% on GD17 and by 100% compared to virgin mice on PD1, remaining elevated through PD30.
Cyp2d22 was lower at GD11 and 14 by about 45%, returning to near control levels by GD17 and PD1. Similarly, Cyp2c37 mRNA was lower at GD11, 14 and 17 by 45-73%, and returned to equivalent expression with the virgin mice on PD1. Cyp2c50 was reduced from GD7 to PD15
and Cyp2c54 mRNA was also significantly decreased by 40% at GD11, GD14 and GD17.
Cyp3a11 mRNA levels were significantly decreased by 50% or more throughout the entire course of the study, lasting through PD30. Cyp3a13 expression started to rise on GD11 and was significantly higher than the corresponding virgin mice by about 75% on GD17, with expression returning to virgin levels by PD1. We also assessed the expression of the female-specific This article has not been copyedited and formatted. The final version may differ from this version. Cyp3a41a/b, Cyp3a44 and juvenile-expressed Cyp3a16, which were increased by 10 to more than 100 times, respectively, throughout the time-course of the experiment (Supplemental Figure   1 ).
Gestational and postpartum changes in hepatic Ces and Pon1 mRNA expression and Pon1
Activities
In humans, there are 3 major isoforms of CES, CES1, CES2, and CES3, with several isoforms contributing to these families in mice (Holmes et al., 2010) . Changes in the hepatic expression of Ces isoforms and Pon1 during pregnancy are shown in Figure 2 . Ces1c expression was not significantly altered at any point of the study, although it was decreased by 30% on GD11 (p = 0.08). Ces1d was significantly reduced on GD11 by about 30% and by a similar amount on GD14, but this also did not quite reach statistical significance (p = 0.1). Ces1e was significantly reduced on GD7 by 40%. A trend was observed for the other isoforms although not significant.
Ces2a was downregulated from GD7 to GD14 whereas Ces2e was reduced at PD1. Ces2c was not affected by pregnancy in a statistically significant manner. Pon1 mRNA was decreased on GD14, but this did not quite reach statistical significance (p=0.08). To determine whether changes in Pon1 mRNA were associated with changes in activity, serum Pon1 activity was determined with the substrates paraoxon and chlorpyrifos-oxon. On GD14, serum Pon1 activity towards paraoxon and chlorpyrifos-oxon was decreased by 43 and 37%, respectively.
Gestational changes in hepatic nuclear receptors and transcription factors mRNA expression
In general, the expression of nuclear receptors and transcription factors involved in regulating expression of these phase 1 enzymes did not appear to be affected by gestation or lactation in a This article has not been copyedited and formatted. The final version may differ from this version. (Table 1) . However, peroxisome proliferator-activated receptor α (Pparα) mRNA tended to be reduced by 23-45% from GD7-PD1, and was significantly reduced at GD17 and PD1. Although not statistically significant (p = 0.054-0.075), Car was consistently reduced through the course of pregnancy by 25-58%, but did not quite reach statistical significance (Supplemental Table 2 ).
Discussion
The goal of the present study was to determine whether pregnancy and lactation in mice altered the mRNA expression of hepatic enzymes involved in pesticide metabolism, particularly for organophosphate (OP) and pyrethroid (PYR) insecticides. In general, the expression of several P450 isoforms was reduced; particularly during the time of the brain growth spurt in utero (GD11-17). Likewise, there was also a general reduction in expression of most of the Ces isoforms during this period and a decrease in Pon1 expression and activity on GD14. Overall, the results of the present study suggest a lower hepatic metabolic capacity for insecticide metabolism in dams during the period corresponding to the murine embryonic development phase. Although it remains to be established whether these changes result in alteration of pesticide disposition during pregnancy in mice, these data suggest that there may be a reduced clearance of pesticides which would translate into higher internal exposure for the dam and fetuses. We also found that Cyp2b10 mRNA is decreased during early and mid-gestation and increases expression over that of virgin mice starting at GD17 and continuing through PD15.
This pattern is consistent with the decreased Car expression observed on GD11 and 14. To our knowledge, data regarding the regulation of the human ortholog CYP2B6 during pregnancy are still lacking. However, two recent papers found that high concentrations of estradiol induce 2B6 expression and activity in hepatocytes (Dickmann et al., 2012; Koh et al., 2012) . Given this finding and the fact that estradiol levels are the highest in mice at 18-19 days of gestation (McCormack and Greenwald, 1974) , this may provide a plausible mechanism for the increased 2b10 expression observed at PD1. The estrogen surge may also be relevant to the induction of and 2c54, were decreased significantly throughout pregnancy, which might suggest that pregnant women may have reduced capacity to metabolize certain PYRs. Hydrolysis of PYRs by CES enzymes has been demonstrated by the urinary metabolite profile following low-dose administration in human volunteers (Eadsforth et al. 1988 , Woollen et al. 1992 ) and in human purified CES (Godin et al., 2006) . Human CES1 and 2 hydrolyze the central ester bond to produce two moieties each of which has no known neurotoxic properties (Gaughan et al. 1976 ).
In our study, the mRNA expression of Ces 1d, 1e, and 1g were decreased 25 to 30% from GD7-GD14, although most of the results did not quite reach statistical significance. Likewise, Ces2a
was significantly reduced at early time-points whereas Ces2e decreased later in pregnancy. The lack of statistical significance may reflect the low number of mice per group and variability in This article has not been copyedited and formatted. The final version may differ from this version. 
136.
This article has not been copyedited and formatted. The final version may differ from this version. Mean relative mRNA ± SE (n=3 or 4) at different time points during gestation (GD; grey bars) and postpartum periods (PD; black bars). mRNA data were normalized to Gapdh and compared to virgin mice by paired t-tests. An asterisk "*" indicates a statistically significant (p<0.05) difference between the pregnant or postpartum mice group and the corresponding age-matched control virgin mice. The lines at 1.0 represent the normalized virgin data. 
Alteration of the Expression of Pesticide-Metabolizing Enzymes in Pregnant Mice
